The small GTP-binding protein Rac plays a pivotal role in the regulation of diverse physiological events including reorganization of the actin cytoskeleton, cell cycle progression, and transformation. Here we show an anti-apoptotic eect of Rac in interleukin-3-dependent murine hematopoietic BaF3 cells. Activated Rac(G12V), when ectopically expressed in BaF3 cells, rendered the cells resistant to apoptosis upon interleukin-3 deprivation, while activated mutants of Rho and Cdc42 displayed no signi®cant anti-apoptotic eect. In contrast to activated Ras, which also supports cell survival in the absence of interleukin-3, Rac required fetal bovine serum for the prevention of cell death. The involvement of phosphatidylinositol 3-kinase downstream of Rac was demonstrated by the inhibition of Rac-induced cell survival by wortmannin and LY294002 and the presence of phosphatidylinositol kinase activity in the Rac immunoprecipitate. Furthermore, the serine/threonine kinase Akt was stimulated by activated Rac and fetal bovine serum in a synergistic manner. Rac-induced Akt activation was mediated by phosphorylation of threonine-308 and serine-473. In addition to the phosphatidylinositol 3-kinase/Akt pathway, the p38 mitogen-activated protein kinase pathway was crucial for Rac-dependent survival, whereas p38 mitogen-activated protein kinase was not implicated in Ras-induced anti-apoptotic signaling. These ®ndings provide evidence for the involvement of Rac in survival signaling of hematopoietic cells.
Introduction
The Rho family of GTP-binding proteins consisting of Rho, Rac and Cdc42 serves as a regulator of the actin cytoskeleton, leading to the formation of peripheral structures such as stress ®bers, lamellipodia, and ®lopodia, respectively (Kozma et al., 1995; Nobes and Hall, 1995 ; see also Hall, 1998 for a review). Moreover, they have been implicated in signaling cascades that stimulate transcription of a subset of genes and subsequent cell cycle progression (Hill et al., 1995; Olson et al., 1995) . They are also required for activated Ras-dependent transformation (Khosravi-Far et al., 1995; Qiu et al., 1995a Qiu et al., ,b, 1997 . In addition, signi®cant roles of the Rho family proteins in the production of superoxide radicals in phagocytes (Diekmann et al., 1994) , cell scattering (Ridley et al., 1995) , T cell polarization (Stowers et al., 1995) , endocytosis (Lamaze et al., 1996) and invasion of T cells (Habets et al., 1994) and epithelial cells (Hordijk et al., 1997; Keely et al., 1997) were reported.
As predicted, diverse downstream signaling pathways for each member of the Rho family have recently been revealed (Van Aelst and D'Souza-Schorey, 1997) . In particular, Rac and Cdc42 interact with multiple common targets such as the serine/threonine kinase PAK (Manser et al., 1994) . They also mediate a wide range of stress signals as well as growth factor stimulations leading to the activation of c-Jun Nterminal kinase (JNK, also known as stress-activated protein kinase) (Coso et al., 1995; Hill et al., 1995; Minden et al., 1995; Olson et al., 1995) . Mutational analyses suggested that the regulation of actin cytoskeleton and the induction of proliferation by Rac and Cdc42 were independent of PAK and JNK (Joneson et al., 1996; Lamarche et al., 1996; Westwick et al., 1997) , while constitutively active PAK was reported to cause reorganization of focal complexes similar to those by activated Rac and Cdc42 (Manser et al., 1997) . Additionally, phosphatidylinositol 3-kinase (PI3-K) and p70 S6 kinase were shown to be associated with and thereby modulated by Rac and Cdc42 (Chou and Blenis, 1996; Tolias et al., 1995; Zheng et al., 1994) , although their physiological functions remain to be solved. Relative to this, it has recently been revealed that integrin-mediated cell motility and invasiveness were promoted by the activation of Rac and Cdc42, where PI3-K, but neither JNK nor p70 S6 kinase was required (Keely et al., 1997) .
Mouse hematopoietic BaF3 cells survive and proliferate in an interleukin-3 (IL-3)-dependent manner and thus are employed to explore the IL-3-stimulated signaling pathways. Of these, the Ras pathway has been well characterized by the use of an array of the receptor mutants and dominant-negative as well as activated mutants of Ras (Kinoshita et al., 1995; Terada et al., 1995) . In BaF3 cells, overexpression of dominant-negative Ras did not impair IL-3-dependent growth under conditions where the Raf/ extracellular signal-regulated kinase (ERK) cascade was diminished, raising the notion that Ras is not crucial for cell proliferation . Instead, Ras is implicated in the prevention of cell death as evidenced by an anti-apoptotic eect of an ectopically expressed active Ras mutant (Kinoshita et al., 1995; Terada et al., 1995) . For this function, PI3-K and ERK were identi®ed as important players downstream of Ras . R-Ras, a close relative of Ha-, Ki-and N-Ras, was also able to prevent apoptosis of the BaF3 cell line in concert with insulin-like growth factor 1 (IGF1), when expressed in its active form (Suzuki et al., 1997) . As the case for Ras, PI3-K and ERK seemed to be involved in R-Ras and IGF1-dependent cell survival (Suzuki et al., 1997) .
The serine/threonine kinase Akt (also known as RAC-PKa or PKBa) is activated in response to a variety of growth factors such as platelet-derived growth factor, epidermal growth factor, insulin and IL-3, thereby exerting diverse biological functions including prevention of apoptosis (Franke et al., 1997) . Critical involvement of Akt in IL-3-dependent survival of hematopoietic cells was proposed on the basis of rapid Akt activation in response to IL-3, oncogenic Akt-facilitated protection of cell death, and acceleration of apoptosis by dominant-negative Akt (Songyang et al., 1997) . Further, Akt was reported to phosphorylate BAD upon IL-3 treatment, possibly dissociating the BAD/Bcl-X L complex to suppress cell death (del Peso et al., 1997) . In regard to the upstream regulation of Akt, while the role of PI3-K has well been clari®ed (Franke et al., 1997) , a possible involvement of small GTP-binding proteins such as Ras and Rac in IL-3 stimulation of Akt remains obscure. In addition, PI3-K-independent pathway that leads to Akt activation was reported (Konishi et al., 1996) .
Here we describe Rac-dependent survival of BaF3 cells implicating the PI3-K/Akt pathway as an indispensable downstream element for this function. Furthermore, p38 mitogen-activated protein kinase (MAPK) is shown to play an essential role in Racmediated, but not Ras-mediated cell survival. These results provide a new insight into the understanding of mechanisms underlying survival and death of factordependent hematopoietic cells.
Results

Survival of BaF3 cells by activated Rac, but not Cdc42 and Rho
To better understand the role of Rho family GTPbinding proteins in cells of the hematopoietic lineage, we examined their eects on death of the BaF3 cell line upon IL-3 deprivation. Activated mutants of FLAGtagged Cdc42, Rac, and Rho were transiently overexpressed, and cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazorium bromide (MTT) assays. The expression of the proteins was measurable by immunoblotting using the anti-FLAG antibody M2 by 24 h after transfection, decreased slowly thereafter, but remained detectable up to 3 days. No signi®cant dierence among the expression levels of the proteins was observed (data not shown). Furthermore, Cdc42(G12V), Rac(G12V), and Rho(G14V) caused 15 ± 30-fold increase in JNK1 kinase activity, indicating that the overproduced small GTP-binding proteins are, in fact, active within the cell (data not shown). In the presence of fetal bovine serum (FBS), activated Rac(G12V), like Ras(G12V), prevented the cells from undergoing cell death upon the removal of IL-3 from the culture medium, whereas activated mutants of Cdc42 and Rho displayed no discernible anti-apoptotic eect (Figure 1a ). The eciency of transfection was approximately 40% as estimated by expression of the green¯uorescent protein (data not shown). Therefore, virtually all of the Rac(G12V)-containing cells were considered to be alive. The higher survival rate of Ras(G12V)-containing cells is likely to be attributable to slight growth-promoting activity of the protein . Rac(G12V)-dependent cell survival without IL-3 required FBS in contrast to Ras(G12V), which potently promoted cell survival even in the absence of FBS (Figure 1b) , suggesting that distinct signaling pathways may be facilitated. As a ®rst step to dissect Rac-mediated anti-apoptotic signaling, we assessed the ability of eector mutants of Rac(G12V) to prevent cell death. It has been revealed that a mutant having a substitution for threonine-35 was incapable of stimulating focus formation following cotransfection with activated cRaf-1 , 1997) . In contrast, mutations at tyrosine-40 rendered the protein unable to stimulate PAK and JNK without aecting the ability to cause membrane ruing and focus formation (Joneson et al., 1996; Lamarche et al., 1996; Westwick et al., 1997) . As shown in Figure 1c , both T35A and Y40C mutations abolished the ability to suppress cell death.
PI3-K plays a critical role for Rac-dependent cell survival
To further understand the molecular events downstream of Rac(G12V) in BaF3 cells, eects of speci®c inhibitors for PI3-K were examined. Both wortmannin and LY294002 displayed potent inhibitory eects on Rac(G12V)-induced cell survival at concentrations where Ras(G12V) was still able to prevent cell death, although partially ( Figure 2 ). The results suggest that PI3-K is essential downstream of Rac, prompting us to measure phosphatidylinositol (PI) kinase activity associated with the small GTP-binding proteins. As illustrated in Figure 3 , a signi®cant PI kinase activity was detected within the M2 immunoprecipitate from the Rac(G12V)-transfected BaF3 cell lysate. The activity was attributable to PI3-K as evidenced by its sensitivity to wortmannin. In contrast, the immunocomplex of neither Cdc42(G12V) nor Rho(G14V) contained PI3-K, which parallels their defects in the survival-promoting activity. The eector mutant Rac(G12V/T35A) was not complexed with PI3-K as well.
Akt is implicated in Rac/PI3-K-dependent cell survival
The interaction of Akt with 3-phosphorylated inositol lipids yielded by PI3-K, such as phosphatidylinositol 3,4,5-trisphosphate and phosphatidylinositol 3,4-bisphosphate (Toker and , is critical for Akt activation (Franke et al., 1997; Stokoe et al., 1997) . Moreover, phosphorylation at residues threonine-308 and serine-473 by the speci®c kinases PDK1 and PDK2, respectively, is required for full activation of Akt (Alessi et al., 1996 (Alessi et al., , 1997b . PDK1 also contains the pleckstrin homology domain, to which the PI3-K products bind (Alessi et al., 1997a; Stephens et al., 1998) . Thus, Akt is believed to be a key element in PI3-K-mediated signaling. As shown in Figure 4 , Akt activity was indeed elevated by Rac(G12V). Likewise, Ras(Q61L) stimulated Akt, yet neither Cdc42(G12V) nor Rho(G14V) exerted similar eects ( Figure 4 ). Rac(G12V)-or Ras(Q61L)-stimulated Akt activity was totally sensitive to wortmannin and LY294002 at concentrations where JNK activity as a control was unaected ( Figure 5 and data not shown). Taken together, the PI3-K/Akt pathway is indispensable for Rac-mediated prevention of cell death in BaF3 cells.
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Figure 2 Eect of PI3-K inhibitors on Rac-or Ras-dependent cell survival. Assays for cell survival were carried out as described in Figure 1 . During starvation in IL-3-free medium, cells were treated with wortmannin (a) or LY294002 (b). The value of FLAG-Rac(G12V) or Ras(G12V)-transfected cells and that of mock-transfected cells in the absence of inhibitors were taken as 100% and 0%, respectively Figure 3 Association of PI kinase activity with small GTPbinding proteins. BaF3 cells were transfected with vector alone (mock), cDNA for FLAG-Cdc42(G12V), FLAG-Rho(G14V), FLAG-Rac(WT), FLAG-Rac(G12V) or FLAG-Rac(G12V/ T35A). Following incubation in complete medium for 16 h, cells were cultured in FBS/IL-3-free medium for 3 h. Wm indicates that cells were treated with wortmannin (100 nM) during last 1 h. Subsequently, cell lysates were prepared, and GTP-binding proteins were immunoprecipitated with the anti-FLAG antibody followed by PI kinase assays. Relative PI kinase activities are shown as mean+s.e. (n=3)
As described above, the anti-apoptotic eect of Rac(G12V) was observed only in the presence of FBS (Figure 1b) . To better clarify the mechanism underlying this, Akt activation in response to activated mutants of small GTP-binding proteins was measured in the presence and absence of FBS (Figure 4 ). Whereas stimulation with FBS alone caused a slight increase of Akt activity, it remarkably enhanced Rac(G12V)-dependent Akt activation. The augmented Akt activation in the presence of FBS may account for the requirement of FBS for anti-apoptosis, although it remains possible that FBS may also exert some Aktindependent function. Ras(Q61L)-induced Akt activation was enhanced by FBS as well, whereas neither Cdc42(G12V) nor Rho(G14V) stimulated Akt even in the presence of FBS (Figure 4) . Figure 6 demonstrates Akt activation in response to the eector mutants of Rac. At the expression levels identical to that of Rac(G12V), Rac(G12V/Y40C) retains limited, but signi®cant ability to enhance Akt activity, while Rac(G12V/T35A) was entirely ineective. Taking into consideration that Rac(G12V/Y40C) is completely de®cient in the prevention of apoptosis, it appears that the activation of Akt is critical, but insucient for survival of BaF3 cells.
Phosphorylation of threonine-308 and serine-473 is critical for Rac-dependent Akt activation
Two major phosphorylation sites of Akt responsible for its activation have been identi®ed to be threonine-308 and serine-473 (Alessi et al., 1996 (Alessi et al., , 1997b . To further reveal the mechanism whereby Rac(G12V) stimulates Akt, we employed a variety of Akt constructs mutated at these phosphorylation sites (Figure 7 ). When either threonine-308 or serine-473 was changed to alanine, Akt became insensitive to Rac stimulation. Therefore, it is likely that phosphorylation of both sites is required for Rac-induced activation of this enzyme. On the other hand, an Akt mutant with aspartic acid substituted for either threonine-308 or serine-473 alone exhibited virtually no enhanced activity in mock-transfected cells. The expression of Rac(G12V) profoundly stimulated the activity of Akt(S473D) like wild-type Akt. Furthermore, synergistic activation of Akt(S473D) by Rac(G12V) in the presence of FBS similar to the case of the wild type was observed. Hence, the threonine-308-speci®c kinase PDK1 is likely to play a critical role for Rac-dependent Akt activation. In addition, FBS and Rac signals seem to converge at the point of PDK1 activation. Phosphorylation of serine-473 alone resulted in no increase of Akt activity as shown by T308A and T308D mutations, which caused Akt to be refractory to Rac(G12V). Yet, serine-473 phosphorylation seems to be involved in Rac-dependent Akt activation because threonine-308 phosphorylation alone was insucient for full activation of Akt as shown by the S473A mutant. Even in the presence of FBS, Akt(T308D) displayed no increase in its activity, when expressed together with Rac(G12V). Thus, aspartic acid substitution for threonine-308 does not seem to mimic phosphorylated threonine properly as previously described (Stokoe et al., 1997) . A mutant with glutamic acid substituted for threonine-308 gave similar results (data not shown).
The p38 MAPK pathway is required for Rac-dependent cell survival It has been reported that MAPKAPK-2 is capable of phosphorylating Akt, leading to its full activation (Alessi et al., 1996) . Since MAPKAPK-2 is a downstream target of p38 MAPK, p38 MAPK may also be responsible for the regulation of Akt. To test this hypothesis, we employed the p38 MAPK-speci®c inhibitor SB203580 . SB203580 only partially suppressed wild-type Akt activation in response to activated Rac(G12V) (Figure 8a ). Compared to this, Rac-dependent cell survival was more remarkably diminished by SB203580 in contrast to Ras-dependent survival, which was unaected ( Figure  8b ). Considered as a whole, p38 MAPK not only may be involved in Rac-induced Akt activation, but also executes a critical function for Rac-dependent survival of BaF3 cells independently of the Akt pathway. As described above, Rac(G12V/Y40C) failed to maintain cell survival despite its ability to stimulate Akt, which may further support a crucial role of an Aktindependent pathway. Here we describe an anti-apoptotic function of Rac in hematopoietic cells. This function is novel in that members of the Rho family are mostly involved in the regulation of actin cytoskeletal structures and cell cycle progression. Failure of activated Cdc42 to facilitate cell survival in contrast to Rac is an unexpected results because Rac and Cdc42 direct similar sets of target proteins. Further, we explored the signaling pathways downstream of Rac leading to the prevention of apoptosis, demonstrating that PI3-K/Akt as well as p38 MAPK pathways are critical.
In Rat1 ®broblast cells, PI3-K and Akt, but not p70 S6K, are implicated in protection of the cells from apoptosis induced by c-Myc (Kaumann-Zeh et al., 1997). Furthermore, IL-3-dependent survival of hematopoietic 32D cells involves PI3-K and Akt as judged by a rapid, PI3-K-dependent activation of Akt upon IL-3 treatment and the prevention of apoptosis by active Akt in the absence of IL-3 (Songyang et al., 1997) . To date, the PI3-K/Akt pathway has been believed to be regulated mostly by Ras because PI3-K is identi®ed as a direct target of Ras (RodriguezViciana et al., 1994) . Indeed, eector mutations that render Ras de®cient in PI3-K stimulation diminished the anti-apoptotic potential of activated Ras in ®broblasts (Kaumann-Zeh et al., 1997) and BaF3 cells . Recently, it has been revealed that Akt, upon stimulation with growth factors or IL-3, phosphorylates the pro-apoptotic protein BAD (Datta et al., 1997; del Peso et al., 1997) . This signaling pathway seems to be important for cell survival because, following phosphorylation, BAD dissociates from Bcl-X L and in turn binds to the 14-3-3 protein, thereby releasing Bcl-X L to suppress cell death through mechanisms such as inhibition of caspases (Reed, 1997; Zha et al., 1996) . Given that this is true also in BaF3 cells, it is likely that Racmediated survival signals culminate in phosphorylation of BAD and thus induce anti-apoptotic actions of Bcl-X L . Moreover, a critical role of caspase 3, which serves as an essential eector of apoptosis induced by various extracellular death signals, including Fas or tumornecrosis factor (TNF) stimulation, in death of hematopoietic cells upon IL-2 or IL-3 deprivation was recently reported (Ohta et al., 1997) . Hence, it may be interesting to reveal the function of caspases in Ras or Rac-dependent cell survival.
Through an eort to characterize signaling cascades downstream of Rac in BaF3 cells, we implicated PI3-K as a target of Rac. The association of PI3-K activity with Cdc42 as well as Rac immunoprecipitates was reported in several types of cells (Tolias et al., 1995; Zheng et al., 1994) . In this context, the p85 subunit of PI3-K is likely to be a direct target because the interaction was speci®c to the GTP-bound form, and required the Bcr domain of p85 (Zheng et al., 1994) , which exhibits structural similarity to the RhoGAP family proteins (Barrett et al., 1997) . We found that Cdc42 was incapable of stimulating the PI3-K/Akt pathway in BaF3 cells, distinguishing it from Rac. Although the reason for the discrepancy remains obscure at present, a cell type-speci®c modulator of the association between PI3-K and Cdc42 or Rac may exist.
FBS is indispensable for activated Rac-promoted survival in the absence of IL-3 (Figure 1b) . The eect of FBS, at least in part, may be ascribable to enhanced Akt activation because activated Rac-dependent increase of Akt activity was augmented in the presence of FBS, although FBS alone caused virtually no Akt activation. Still, it is possible that FBS also acts independently of Akt, for instance, through the activation of the Ras/ERK pathway. Also, the factor in FBS responsible for this action remains to be identi®ed. IGF1 is a feasible candidate because it behaves as a co-stimulator of survival and elicits Akt activation in various types of cells including BaF3 (Suzuki et al., 1997) .
Through the use of mutant constructs of Akt, it is suggested that Rac-dependent activation of Akt is mediated through phosphorylation of threonine-308 by PDK1 (Figure 7) . Additionally, the synergistic increase of Akt activity in the presence of FBS was also observed in the S473D mutant, raising the possibility that the FBS signal may also be linked to PDK1 (Figure 7) . Phosphorylation of serine-473 also seems to be required for full activation of Akt in response to Rac(G12V). p38 MAPK may be implicated in the pathway leading to phosphorylation of serine-473 because Rac(G12V)-induced activation of Akt(S473D) was insensitive to SB203580 (data not shown).
JNK and p38 MAPK belong to the stress-activated kinase family that is activated in response to various stresses and receptor stimulations. In cytokine-dependent hematopoietic cells as well, activation of these kinases is observed (Foltz et al., 1997; Kawakami et al., 1997; Liu et al., 1997; Nagata et al., 1997; Rausch and Marshall, 1997; Terada et al., 1997) , although its physiological function remains incompletely understood. We suggested that, in addition to the PI3-K/ Akt pathway, p38 MAPK is critical for Racdependent, but not Ras-dependent protection from apoptosis based on a substantial inhibition of Racdependent survival by SB203580. Since stress signals that cause JNK or p38 MAPK activation, such as ultraviolet irradiation, ultimately induce cell death, the stress-activated kinases are thought to be transducers of death signals. Likewise, p38 MAPK is involved in cell death signaling in PC12 pheochromocytoma cells upon withdrawal of nerve growth factor (Xia et al., 1995) . In TNF signaling, the role of stress-activated kinases is still controversial; Liu et al. (1996) reported that JNK activation is not linked to apoptosis, while inhibition of the JNK/p38 MAPK pathways prevented TNFa-dependent cell death (Ichijo et al., 1997) . Also, Fas-induced apoptosis of Jurkat T cells was reported to be mediated by the JNK/p38 MAPK pathway downstream of Rac (Brenner et al., 1997) . In contrast, the activation of JNK and p38 MAPK accompanied by Fas-mediated cell death was shown to occur downstream of caspases (Juo et al., 1997) and thus is not considered to be a critical event (Lenczowski et al., 1997; Nagata, 1997) . Rather, the JNK pathway mediates survival signals in T cells (Nishina et al., 1997) . Therefore, further investigation of the role for JNK and p38 MAPK in apoptosis upon cytokine deprivation seems important. Anti-apoptotic mechanisms that appear to be independent of the PI3-K/Akt cascade, such as Bcl-X L mRNA induction, may be regulated by the p38 MAPK pathway. On the other hand, phosphorylation of Bcl family proteins may also be regulated through JNK/p38 MAPK pathways in BaF3 cells because Bcl-2 undergoes phosphorylation by the JNK/p38 MAPK signal (Maundrell et al., 1997) , which is required for the prevention of apoptosis upon IL-3 deprivation (Ito et al., 1997) .
Arguing against our results in BaF3 cells, Rac(G12V) failed to stimulate Akt in COS (Klippel et al., 1996) or neuronal SKF5 (van Weering et al., 1998) cells. The apparent discrepancy seem to be ascribed to dierence in cell types as we also observed no enhancement of Akt activity in Rac(G12V)-transformed COS cells in contrast to BaF3 cells (data not shown).
It remains to be determined what types of receptors execute cell survival functions through the Rac pathway. IL-3-dependent Akt activation was completely suppressed by dominant-negative Ras(S17N), but not Rac(T17N) (data not shown). Hence, Ras is likely to be implicated in IL-3-triggered activation of the PI3-K/Akt pathway, whereas Rac is not. IL-4, another cytokine that supports survival of BaF3 cells independently of Ras, did not stimulate Akt in our assays (data not shown). Furthermore, the thrombin receptor, which was recently identi®ed in BaF3 cells (Tago et al., 1998) , and is known to be linked to Rac in multiple cell lines, neither exerted anti-apoptotic eects nor stimulated Akt (data not shown). These results suggest the presence of still unknown receptors that employ Rac as a downstream transducer may exist. For instance, CD40, a surface molecule that belongs to the TNF receptor superfamily (van Kooten and Banchereau, 1997) , may activate Rac rather than Ras in B cells because ligation of CD40 strongly activated JNK, but not ERK, as well as PI3-K in various B cells (Berberich et al., 1996; Sakata et al., 1995) . Most signi®cantly, the signal triggered by the binding of CD40 to its ligand CD40L, which is mainly expressed on the surface of T cells, eventually suppresses surface IgM-induced apoptosis (Tsubata et al., 1993) . Such kind of signal induced by cell-cell interaction is possibly mediated by small GTP-binding proteins including Rac.
Another possible mechanism that leads to the activation of Rac may involve Ras because Rac is believed to exist downstream of Ras to exert an array of functions including cytoskeletal rearrangement and transformation (Khosravi-Far et al., 1995; Qiu et al., 1995a Qiu et al., ,b, 1997 Rodriguez-Viciana et al., 1997) . PI3-K was reported to link Ras to Rac, allowing membrane ruing to occur . Moreover, a critical role of Sos for Ras-dependent Rac activation was recently revealed (Nimnual et al., 1998) . However, we were unable to detect JNK and PAK activation following expression of activated Ras, while activated Rac markedly stimulated both, in BaF3 cells (Terada et al., 1997 and data not shown). Additionally, dominant-negative Rac(T17N) did not impair Ras(Q61L)-promoted Akt activation (data not shown). Also, Ras and Rac seem to employ distinct sets of downstream cascades in addition to the common PI3-K/Akt pathway as de®ned by dierent sensitivity to the p38 MAPK-speci®c inhibitor SB203580 (Figure 8b ) and failure of Rac to stimulate the Raf/ERK pathway (data not shown), which is considered important for Ras-mediated survival.
Collectively, Ras-dependent Rac activation seems quite unlikely or negligible at least in our systems.
Materials and methods
Materials
Mouse IL-3 was a generous gift of Atsushi Miyajima (The University of Tokyo, Tokyo, Japan) and Satish Menon (DNAX Research Institute, Palo Alto, CA, USA). Mouse monoclonal antibodies against c-Myc (9E10) and FLAG (M2) epitopes were purchased from BAbCO and Eastman Kodak Co., respectively. A rabbit anti-mouse lg antibody (55480) was obtained from Cappel. Wortmannin, LY294002 and SB203580 were obtained from Calbiochem.
cDNA construction cDNAs of wild-type Rac1 and RhoA were generously provided by Kozo Kaibuchi (Nara Institute of Science and Technology, Ikoma, Japan), and Cdc42Hs cDNA was a generous gift of Richard A Cerione (Cornell University, Ithaca). Rat Akt (RAC-PKa) cDNA was kindly provided by Ushio Kikkawa (Kobe University, Kobe, Japan). A FLAG epitope tag was added to the N-terminus of Cdc42Hs, Rac1, RhoA and Ha-Ras, and the constructs were subcloned into the mammalian expression vector pCMV5. C-Myc epitope-tagged Akt was generated using the polymerase chain reaction, and was subcloned into pCMV5. Mutants of the small GTP-binding proteins and Akt were obtained with a strategy based on the polymerase chain reaction. Mutant cDNAs were sequenced to con®rm encoded amino acid change. BaF3 cells by electroporation. Following 16 h culture in complete medium, cells were washed twice and were incubated in RPMI 1640 supplemented with bovine serum albumin (1 mg/ml) (FBS/IL-3-free medium) or FBS (10% (v/v)) (IL-3-free medium) for starvation.
Cell culture and transfection
MTT assay
Transfected cells were seeded in 96-well plates at 8610 4 cells per well. Following 48 h culture, colorimetric assays for cell survival using MTT were carried out according to the manufacturer's instruction (Chemicon International, Inc., Temecula, CA, USA).
PI kinase assay
Transfected BaF3 cells were starved for 3 h and lysed with PI kinase IP buer (50 mM Tris-HCl (pH 7.5), 0.5% (v/v) Triton X-100, 150 mM NaCl, 20 mM MgCl 2 , 10% (v/v) glycerol, 1 mM Na 3 VO 4 , 100 mM phenylmethylsulfonyl uoride, 2 mg/ml aprotinin). The lysate was centrifuged (15 000 g) for 5 min at 48C, and the supernatant was mixed with protein G-Sepharose (Pharmacia Biotech Inc.), the anti-FLAG antibody M2, and an anti-mouse lg antibody. The mixture was incubated for 1 h at 48C with gentle mixing and the precipitate was washed three times with PI kinase IP buer, once with LiCl buer (10 mM Tris-HCl (pH 7.5), 20 mM MgCl 2 , 0.5 M LiCl), and once with PI kinase wash buer (10 mM Tris-HCl (pH 7.5), 20 mM MgCl 2 , 100 mM NaCl). The precipitated proteins were subjected to kinase assays within 30 ml of PI kinase reaction buer (20 mM HEPES-NaOH (pH 7.4), 30 mM MgCl 2 , 200 mM adenosine) containing 10 mg of sonicated La-PI (Sigma) and 40 mM [g-32 P]ATP (440 TBq/mol) for 15 min at 258C. The reaction was terminated by addition of 100 ml of 1 M HCl and 200 ml of CHCl 3 /CH 3 OH (1 : 1, v/ v). The organic phase was subjected to thin layer chromatography with a silica gel plate, and was developed with CHCl 3 /CH 3 OH/4N NH 3 OH (9 : 7 : 2, v/v). The radioactivity incorporated into L-a-PI was quantitated by the image analyzer (BAS2000, Fuji Film, Japan).
Akt kinase assay
Transfected BaF3 cells were starved for 3 h and lysed with Akt IP buer (20 mM Tris-HCl (pH 7.5), 0.5% (v/v) Nonidet P-40, 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 3 mM b-glycerophosphate, 0.1 mM Na 3 VO 4 , 10 mg/ml leupeptin, 1 mM phenylmethylsulfonyl¯uoride). The lysate was centrifuged (15 000 g) for 5 min at 48C, and the supernatant was mixed with protein G-Sepharose (Pharmacia Biotech Inc.), the anti-c-Myc antibody 9E10, and an anti-mouse Ig antibody. The mixture was incubated for 1 h at 48C with gentle mixing and the precipitate was washed twice with Akt IP buer, twice with Akt wash buer (20 mM HEPES-NaOH (pH 7.5), 0.05% (v/v) Nonidet P-40, 50 mM NaCl, 0.1 mM EDTA), and once with Akt reaction buer (20 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 ). The precipitated proteins were subjected to kinase assays within 30 ml of Akt reaction buer containing 0.05 mg/ml histone H2B and 20 mM [g-32 P]ATP (307 TBq/ mol) for 20 min at 308C. The proteins were separated by SDS ± PAGE (17.5% (w/v)) and the radioactivity incorporated into histone H2B was quantitated by the image analyzer (BAS2000, Fuji Film, Japan).
